Introduction
In recent years, fish have become mainstream models for biological research. [1] [2] [3] Among the many beneficial characteristics that have favored this development is the suitability of small ''laboratory fish'' species for the analysis of vertebrate development by a saturation mutagenesis approach, in particular, zebrafish. Another attractive feature and potential advantage that has attracted considerable interest is the small genome size of several fish species compared with humans. Considering that most important human genes are expected to be present and conserved in fish, it is felt that their compact genomes provide versatile and heuristic tools for genome projects. For instance, the Huntington chorea disease gene from the Fugu fish is 7.4 times smaller than its human counterpart, 4 and the Medakafish p450 aromatase gene spans only 2.5 kb, compared with 70 kb in humans, 5 solely due to smaller introns (despite a perfect conservation in exon sizes and arrangements). Unexpectedly, the steadily increasing database on characterized fish genes strongly suggests that many multigene families studied so far in fish contain more functional members than in mammals. The exception rather than the rule are examples like the odorant receptor gene family which is smaller in fish. 6, 7 This means that fish have additional genes that, due to conserved structural features and phylogenetic analyses, can be unequivocally ascribed to a certain gene family (thus being true paralogues), although the same type of analysis fails to discover the direct mammalian counterparts (the orthologues).
Observations suggesting divergent function despite highest sequence similarity So far the identification of genes in fish has been done predominantly through the so called ''homology approach.'' Either molecular probes, derived for example from Drosophila or mouse genes, were used to clone sequences that cross-hybridized, or fish genes were found by other methods such as positional cloning or degenerate primer polymerase chain reaction (PCR). These fish genes were identified by virtue of their sequence similarity to known, related genes from other organisms. Sometimes, however, there are complications with this otherwise straightforward approach. In several cases, fish genes that appeared orthologous to certain genes from mammals, by the criterion of sequence similarity, did not have the same function in fish as that of, for example, mice or humans. The echidna hedgehog gene in zebrafish, originally postulated to represent an entirely new class of hedgehog genes, 8 appeared to be the orthologue of the indian hedgehog class of genes based on phylogenetic analysis. 9, 10 The echidna hedgehog gene in zebrafish, however, and its orthologue, the indian hedgehog gene in mice, for example, appear to be quite different with respect to expression pattern and function. 8 This example illustrates that the function of putatively orthologous genes can, nonetheless, be different. For the lactate dehydrogenase (LDH) C isozymes in fish and mammals, it has been shown by phylogenetic analysis that they are not orthologous, but rather are derived from independent duplication events from the LDH A and B genes, respectively. 11 Genes with homeoboxes related to that of the Drosophila muscle segment homeobox (msh) gene, termed msx genes, have been isolated from mammals, birds, amphibians, and zebrafish. A detailed phylogenetic analysis of the sequences and studies on the temporal and spatial expression pattern of the individual gene family members led to the convincing conclusion that both structure and function of msx genes in fish and tetrapods diverged independently in the lineages giving rise to these organisms. 12 Although a given zebrafish msx gene may be most similar in sequence to a particular one of the mammalian genes, it will not necessarily be the orthologue and applying the concept of homology in order to interpret structural similarity or to extrapolate a known function from one taxonomic group to another is precluded in this case. A similar situation is found for otx genes in zebrafish and medaka. While the fish otx2 is highly conserved in comparison to its mammalian counterpart, neither otx1 nor otx3 in fish can be unequivocally identified by sequence to be the orthologue of otx1 in higher vertebrates 13, 14 (F. Loosli and J. Wittbrodt, unpublished results). Comparison of the expression patterns of the fish and mouse genes strongly suggests that structure and function of the otx genes in fish and tetrapods also diverged independently, similar to the abovementioned situation with msx genes.
Evidence for larger gene families in teleosts
An even more striking complication when looking at fish genomes is the widespread observation that many multigene families potentially comprise more members in fish than in mammals (Table 1) , where they were originally detected. For instance, the msx and otx gene families not only display functional differences between putative fish and mammalian orthologues but also have more paralogues in fishes than in mammals. 12, 13 Another example of this kind is the activin group of transforming growth factor-␤ (TGF-␤) like molecules. In fish, two different copies of the TGF-␤A and -␤B genes are found (R. Kö ster and J. Wittbrodt, unpublished observations), but only one copy of each gene exists in higher vertebrates. Allozyme studies had indicated previously that a number of metabolic enzymes may be encoded by more gene family members in fish than in mammals. 15 The number and function of homeobox (Hox) genes, their arrangement in clusters, and the precise phylogenetic timing of the duplications of the Hox genes have received considerable attention. From the single ancestral Hox cluster, 16 at least four clusters evolved and are known to exist in mammals. The phylogenetic question of when the duplications from the ancestral Hox cluster to four occurred during the evolutionary history of vertebrates has only recently become the focus of attention. [17] [18] [19] Importantly, recent data suggest that, once again, fish actually appear to have more genes than mammals. Prince et al. 20 discovered that zebrafish have at least two additional Hox gene clusters (termed X and Y) giving a total of at least six compared to the four Hox clusters (A-D) that seem to be prevalent in mammals. So far, four clusters have been found in Fugu and were structurally characterized in detail. While the A, B, and C clusters match nicely with their mammalian counterpart in respect to genomic organization and sequence similarity, the fourth cluster is enigmatic. It has fewer Hox genes than occur in the mammalian D cluster. It is possible that the bona fide Hox D of Fugu remains to be found and it has been suggested that the unusual cluster is an additional one. 21 It is certainly too early, and our database on fish genes is still too small, to conclude that this is a general phenomenon. Studies on more ''basal'' fish (e.g., the coelacanth, the lungfishes, or the sturgeons) and ''comparative genomics'' of different teleosts is required to answer these questions. It should be noted, however, that the examples that we have to date come from a wide variety of gene classes, and the fish that have contributed these examples represent the major branches of the teleost fish phylogenetic tree.
Possible explanations and evolutionary implications
Why might there be more genes in fish than in mammals? Total genome duplications (increases in ploidy) and individual gene duplications obviously played an important evolutionary role in shaping the vertebrate genome 22 and probably initiate a process that leads to expansion of a gene family. It may be that, in teleosts, the balance between the rate of gene duplication formation and the rate of loss of duplicates is slightly shifted toward the former, with new duplicates having little or no selective cost. Whole genome duplications in ancestral vertebrates generally appear to have occurred before the separation of fish and higher vertebrates. 23 Others may have been lineage-specific duplications. On the single gene level, duplications are an important driving force of molecular evolution, where one of the two copies of a gene, now freed from performing an indispensable task, may undergo stochastic variations of its coding sequence and potentially acquire a new or related function through selection or genetic drift. Similarly, the evolution of the regulatory elements and their nexus of interactions will shape and control novel functions of already existing structural genes. 24 If the two copies of a gene took divergent evolutionary routes in different lineages toward new functions, this would explain Problems and paradigms BioEssays 20.6 513 why homologues are not necessarily identical or even similar in terms of function and why function cannot be part of the definition of homology. Thus, the level of relatedness among genes can only be decided on the basis of phylogenetic analysis.
Since most of the multigene families have been under intense scrutiny in mammals for many years, it is unlikely that there are mammalian orthologues of the larger fish gene families that have simply remained undetected. Additional fish paralogues also could be simply the result of recent whole genome tetraploidization, as has been documented for some teleost lineages, such as the salmonid fish. Indeed, in such species many genes have two nonallelic copies that are functional, but so far all evidence points toward those two copies being fully redundant, and they cannot be differentiated as individual members of the gene family. However, most examples of additional fish paralogues compiled in Table 1 come from species that are not members of such tetraploid lineages. Fugu and zebrafish, in particular, the most widely studied teleosts contributing the most examples for larger gene families in fish, are not polyploid species (e.g., cf. ref. 25) . Thus, the more ancient whole genome duplication events provided the basis for the development of multigene families. Hence, the other possibility is that ''higher vertebrates'' lost more of these duplicated genes while they were maintained in fish.
Are fish generally more complex than mammals, requiring more genes to structure and maintain their organismic organization? The obvious answer is ''no.'' A theoretical explanation can be taken from the economy of gene regulation. Differential gene expression is a way by which one and the same coding sequence can exert several functions in different cell types and at different developmental stages. These functions are regulated by specific regulatory elements that are compacted in a single genetic locus. This has been shown for many mammalian genes and seems to be the prevalent situation. Alternatively, separate gene copies with individual regulatory elements for each different function can exist. It will be interesting to see how the mode of gene regulation and differential gene expression in fish compares with that of mammals.
Or do fish have more genes than they actually need, which are maintained at apparently no or low enough evolutionary cost not to be selected against? Such ''dispensable'' gene copies could then even serve as a backup for the indispensable ones, a situation known as redundancy. As organisms that typically produce an overabundance of embryos and larvae, they would not specifically benefit from a high degree of gene redundancy to compensate for mutations and disturbances of normal development.
Another possible evolutionary advantage of multiple copies of genes is that there is a higher number of genes ready to acquire new or different functions permitting faster adaptation and evolution. Moreover, with more genes the complexity of the architecture of interactions among these genes is expected to increase. One could speculate that this genomic complexity of fish might permit rapid responses (in terms of changing morphology phenotypically or in terms of speciation) to changing environmental challenges and/or persistence in the face of varying and adverse selective regimes. In this regard, it might be important to point out that in African cichlid fishes speciation can happen very rapidly indeed 26, 27 and that presently approximately 25,000 species of teleost fish are known, compared with roughly only 4,000 mammalian species. This abundance of fish species has been explained by the fact that teleost fish can adapt to the most divergent ecological conditions. A more ''flexible genome'' of fish might preadapt them for rapid adaptation or could be the consequence of this process. Surely, other hypotheses can be proposed as well. The observation of more genes in fish compared with mammals remains an interesting phenomenon that calls for further evolutionary and developmental studies. In practical terms, this phenomenon must be taken into consideration as a possible complication in genetic analysis based on homology cloning and in fish genome projects.
